INTRODUCTION
============

Carbohydrate and particular cereal starch are the main sources for energy production of most terrestrial warm-blooded animals including human beings, but its impact is less in fish ([@b56-ajas-26-8-1160-13]). Although fish have the same carbohydrate metabolic pathways as mammals, they have a lower carbohydrate tolerance than mammals, as evidenced by a prolonged postprandial hyperglycemia after feeding carbohydrate-rich diets ([@b56-ajas-26-8-1160-13]; [@b38-ajas-26-8-1160-13]). As a result, the use of carbohydrate for energy is limited and a high dietary inclusion level of carbohydrates could lead to growth retardation in fish ([@b56-ajas-26-8-1160-13]). Fish depend more than most other animals on amino acids as precursors to glucose for tissue protein and glucose synthesis as well as energy ([@b36-ajas-26-8-1160-13]; [@b38-ajas-26-8-1160-13]). Nevertheless, from an economic point of view, it is desirable to reduce the protein and lipid use for energy consumption by increasing the carbohydrate use in the aquafeeds where carbohydrates are more readily available and less expensive than other macro-nutrients. The nutritional value of starches varies widely depending on its sources ([@b25-ajas-26-8-1160-13]; [@b26-ajas-26-8-1160-13]; [@b22-ajas-26-8-1160-13]), processing ([@b35-ajas-26-8-1160-13]), hardness ([@b15-ajas-26-8-1160-13]), non-starch polysaccharides ([@b22-ajas-26-8-1160-13]) and fish species ([@b56-ajas-26-8-1160-13]) as well as its complexity ([@b30-ajas-26-8-1160-13]). Furthermore, previous studies have shown that the metabolic responses induced by dietary starches differ ([@b28-ajas-26-8-1160-13]; [@b51-ajas-26-8-1160-13]; [@b17-ajas-26-8-1160-13]). Starch is composed of two types of glucose polymers, amylose, a linear chain of glucose units joined by α-1,4-glucosidic linkages, and amylopectin, a highly branched amylose in which the branches are tied by α-1,6 bonds ([@b61-ajas-26-8-1160-13]). Amylopectin-rich starches are easily digested, which may induce a faster and higher glycemic and insulinemic responses compared to those high in amylose ([@b5-ajas-26-8-1160-13]; [@b54-ajas-26-8-1160-13]; [@b24-ajas-26-8-1160-13]; [@b3-ajas-26-8-1160-13]; [@b45-ajas-26-8-1160-13]). Although these metabolic responses were previously observed both in mammals and fish, the mechanisms behind these responses are not well understood.

In terms of growth effects in relation to starch type, most of the research has focused on terrestrial animals, but contradictory results have occurred in different studies. The positive effects on growth in response to dietary amylose were observed in pigs ([@b12-ajas-26-8-1160-13]), poultry ([@b43-ajas-26-8-1160-13]; [@b26-ajas-26-8-1160-13]) and goats ([@b33-ajas-26-8-1160-13]), but the negative effects were observed in rats ([@b2-ajas-26-8-1160-13]; [@b15-ajas-26-8-1160-13]), pigs ([@b40-ajas-26-8-1160-13]; [@b11-ajas-26-8-1160-13]), and poultry ([@b20-ajas-26-8-1160-13]; [@b7-ajas-26-8-1160-13]; [@b42-ajas-26-8-1160-13]; [@b13-ajas-26-8-1160-13]; [@b41-ajas-26-8-1160-13]). No effect of starch type on growth was also observed in rats ([@b37-ajas-26-8-1160-13]; [@b60-ajas-26-8-1160-13]; [@b31-ajas-26-8-1160-13]) and pigs ([@b46-ajas-26-8-1160-13]). In fish, [@b45-ajas-26-8-1160-13] first investigated the starch utilization related to starch type and observed an enhanced growth of sunshine bass (*Morone chrysops ♀*×*M. saxatilis ♂*) when fed with a diet at the higher ratio of amylose-amylopectin starch. To the best of our knowledge, the impact of dietary amylose-amylopectin ratio in the starch fraction of the diet on other fish species has not yet been determined. The omnivorous fish such as tilapia (*Oreochromis niloticus*) have greater ability to digest starch than carnivorous fish ([@b32-ajas-26-8-1160-13]). We hypothesized that the tilapia fed diets with increasing amylose-amylopectin ratio would exhibit better growth. Therefore, we investigated the effects of dietary amylose-amylopectin ratio on the growth, feed utilization, digestibility, digestive enzyme activity, and blood intermediary metabolites in the tilapia.

MATERIALS AND METHODS
=====================

Diets
-----

High-amylose corn starch (Hi-Maize 260, National Starch and Chemical Co., Ltd., China, 66.9% amylose) and waxy rice (the local glutinous rice, 81.0% amylopectin and 0.1% amylose) were used as the main amylose and amylopectin sources, respectively. Steam dried fish meal was obtained from Shine Biotech Co., Ltd., China. Fish oil, soybean oil, and other feed ingredients were obtained from Baisuihang Feed Co. Ltd., China. Based on the proximate composition of feed ingredients, five isonitrogenous (32% crude protein) and isolipidic (6.5% crude fat) diets containing an equal starch level (35% starch) were formulated. Diets differing in ratios of amylose-amylopectin (diet 1, 0.11; diet 2, 0.24; diet 3, 0.47; diet 4, 0.76; and diet 5, 0.98) were achieved by adjusting the proportion of corn starch to waxy rice, i.e. by incremental levels of amylose from 2.58% to 14.12% at the expense of amylopectin. The ingredients and proximate composition of the experimental diets are shown in [Table 1](#t1-ajas-26-8-1160-13){ref-type="table"}. The coarse dry ingredients were ground using a hammer mill and then passed through a 60 mesh sieve, weighed and blended together into a homogeneous mixture. The liquid ingredients (mixed oil and water) were then added, and the mixture was made into a mash. The dough was pelleted through a 2.5-mm die using multifunctional spiral extrusion machinery (CD4XITS, South China University of Technology, China). The pellets were dried in a forced-air oven at 50°C for 24 h and then sealed in plastic bags and kept at −20°C until further use for feeding.

Feeding procedures
------------------

The tilapia juveniles obtained from a local commercial farm in Xiamen were transported to the aquaculture laboratory of Jimei University. The fish were stocked into a closed recirculating system consisting of two circular fiber glass tanks (0.85 m height×1.22 m upper diameter, 1.04 m lower diameter) with a polygeyser bead filter (Aquaculture Systems Technologies, LLC., USA) and were initially maintained on a commercial tilapia feed for 15 d. A total of four hundred and fifty animals, initially weighing an average of 9.81±0.42 g (means±SD) were randomly divided into five experimental groups, each with six replicate 100--l tanks at a density of 15 fish per tank. During a feeding period of 42 d, the fish in each group were hand-fed on one of the diets to satiation at 08:00, 13:00 and 18:00 h per day under a natural photoperiod. After 7 d of feeding, feces were collected from wk 2, until the end of the feeding trial. Excess feed was collected one hour after each feeding and then feces were collected by siphoning. To minimize the nutrient leaching in feces, only fresh and intact feces were collected. Feces collected from a single tank were pooled each day and dried at 70°C. Dissolved oxygen was measured daily and nitrite-N was monitored twice a week with a multi-parameter photome (HI83200, Hanna Instruments, USA). During the feeding trial, the water temperature, dissolved oxygen and nitrite-N ranged from 27.5 to 32°C, 4.9 to 5.6 mg/L and 0 to 0.2 mg/L, respectively.

Sampling procedures
-------------------

At the termination of the feeding trial, fish in each tank were bulk weighed and counted after 24 h starvation. Three fish were randomly taken from each of four replicate tanks per treatment and killed with an overdose of MS 222 (tricaine methanesulfonate) solution, pooled, weighed, minced and then dried at 70°C for whole-body composition analysis. Additionally, sixteen fish from four replicate tanks in each treatment were randomly sampled, anesthetized (MS 222, 100 mg/L) and weighed individually. Blood was collected via venipuncture using a heparinized syringe and immediately centrifuged at 3,000×*g* for 10 min at 4°C. Plasma samples from each tank were pooled and stored at −80°C for subsequent analysis of blood biochemical parameters. After blood collection, the liver and intestine were immediately removed and weighed. Liver and intestine samples were frozen in liquid nitrogen and stored at −80°C before use. The remaining fish in each treatment were used for the subsequent postprandial blood response test.

Postprandial blood metabolic response test
------------------------------------------

After sample collection, the remaining fish in each treatment were readjusted and distributed into the same tanks as used in the growth trial with three tanks of 22 fish per tank. Fish were continued to be maintained on their respective diets for 7 d. The next morning, fish received a single meal to apparent satiety within 30 min. Blood samples were collected from three fish in each tank with a total of nine fish for each treatment at each sampling time, according to the above described method and blood were collected at 0, 1, 3, 6, 9, 12 and 24 h after a meal. Plasma aliquots were stored at −80°C for subsequent analysis of blood biochemical parameters.

Plasma components and liver glycogen analysis
---------------------------------------------

Plasma glucose, triglyceride (TG), total cholesterol (T-CHO), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were measured by using kits (BioSino Bio-technology and Science, Inc., China). All the blood parameters were determined by using an automatic biochemical analyzer (Hitachi 7020, Japan) as described by [@b58-ajas-26-8-1160-13]. Total plasma amino acid and liver glycogen were analyzed using the L-amino acid assay kit and glycogen assay kit, respectively (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer's protocols by using UV-2800S spectrophotometer (UNICO Instruments Co., Ltd., China).

Digestive enzyme analysis
-------------------------

The pooled intestines of each sample were homogenized in chilled saline at a ratio of 1:9 (w/v) for 10 min. The supernatant was collected after centrifugation at 6,261×*g* for 15 min at 4°C. Aliquots of the supernatant, designated as the crude extract, were used to estimate the activities of amylase and protease, according to the procedure described by [@b58-ajas-26-8-1160-13], and the lipase activity was assayed with the lipase activity assay kit (NJBI, China) using a UV-2800S spectrophotometer.

Proximate composition analysis
------------------------------

Crude protein, crude fat, moisture and ash contents in feed ingredients, diets, feces and whole-body fish samples were determined according to the methods of the Association of Official Chemists ([@b1-ajas-26-8-1160-13]). Crude protein content was determined by the Kjeldahl method (N×6.25) using Kjeltec^™^ 8400 Auto Sample Systems (Foss Tecator AB, Sweden). Crude fat content was determined by the Soxhlet method by using Soxtec Avanti 2050 (Foss Tecator AB). Moisture content was determined by the drying method, using an oven at 105°C. Ash content was determined by the combustion method, using a muffle furnace at 550°C. Acid-insoluble ash content was determined by using the same muffle furnace at 550°C, after acid digestion. Acid-insoluble ash was used as an endogenous indicator, instead of chromium oxide as an exogenous marker, to determine the nutrient digestibility because the dietary chromium oxide as a glucose tolerance factor is believed to affect starch utilization ([@b47-ajas-26-8-1160-13]). The total starch content in corn starch, waxy rice, diets and feces was calorimetrically determined by using the total starch assay kit (Megazyme International Ireland Ltd., Ireland). Using the amylose assay kit (Megazyme International Ireland Ltd., Ireland), the amylose content in high-amylose corn starch, sticky rice and diets was analyzed.

Calculations
------------

Percent weight gain, feed conversion ratio, protein efficiency ratio, feeding rate, survival, hepatosomatic index and condition factor were calculated as follows: $$\begin{array}{l}
{\text{Percent weight gain}\,(\text{WG},\,\,\%) = 100 \times \left( {\text{W}_{\text{f}}{- \text{W}}_{\text{i}}} \right)/\text{W}_{\text{i}}} \\
{\text{Feed efficiency }(\text{FE},\,\%) = 100 \times \left( {\text{W}_{\text{f}}{- \text{W}}_{\text{i}}} \right)/\text{W}_{\text{c}}} \\
{\text{Protein efficiency ratio }(\text{PER}) = \left( {\text{W}_{\text{f}}{- \text{W}}_{\text{i}}} \right)/\left( {\text{W}_{\text{c}} \times \text{P}} \right)} \\
{\text{Feeding rate }(\text{FR},\,\%) = 100 \times \text{W}_{\text{c}}/\left\lbrack {\left( {\text{W}_{\text{i}} + \text{W}_{\text{f}}} \right)/2} \right\rbrack/\text{t}} \\
{\text{Hepatosomatic index}\,(\text{HSI},\,\%) = 100 \times \text{W}_{\text{l}}/\text{W}_{\text{b}}} \\
{\text{Condition factor }(\text{CF}) = 100 \times \text{W}_{\text{b}}/\text{L}^{3}} \\
\end{array}$$where W~i~ (g) and W~f~ (g) are the initial body weight (IBW) and final body weight (FBW) respectively; W~c~ (g) is the average feed intake per fish (on an as-fed basis); t is the time duration of the experiment (days); P is the protein content of the diet; W~l~ (g) is the liver weight of the sampled fish; W~b~ (g) is the final body weight of the sampled fish and L (cm) is the final body length of the sampled fish.

The apparent digestibility coefficients (ADCs) of the experimental diets for dry matter, crude protein, crude fat, ash and starch were calculated according to the following equation ([@b50-ajas-26-8-1160-13]): $$\text{ADC }(\%) = 100{- 100} \times \left( \text{N}_{\text{f}} \right)/\left( \text{N}_{\text{d}} \right) \times \left( \text{M}_{\text{d}} \right)/\left( \text{M}_{\text{f}} \right)$$

where N~f~ is the percentage of a specific nutrient in feces, N~d~ is the percentage of the same nutrient in the diet, M~d~ is the percentage of acid-insoluble ash in the diet and M~f~ is the percentage of acid-insoluble ash in feces.

Statistical analysis
--------------------

Data are presented as mean±SD. The normality and variance's homogeneity of all data were systematically checked before applying One-way ANOVA, and the mean values were compared by using the Student-Neuman-Keuls multiple comparison tests, at the 5% level of significance. The results of the measured variables were examined by regression. A repeated measures ANOVA was carried out to examine mean differences in postprandial concentrations of blood glucose, TG and total amino acids among treatments at time intervals. All statistical tests were calculated using SPSS13.0 software (SPSS Inc., Chicago, USA).

RESULTS
=======

Growth performance
------------------

The fish in each treatment exhibited proper growth and survived across the feeding period. Fish fed diet 2 exhibited significantly (p\<0.05)higher WG (%), FE (%) and PER compared with fish fed diet 5 ([Table 2](#t2-ajas-26-8-1160-13){ref-type="table"}). A strong negative correlation was observed between WG%, FE% and PER and dietary amylose-amylopectin ratio (*R* = −0.8907, −0.9347 and −0.9031, respectively) and the values for WG (%), FE (%) and PER in fish fed diet 2 were significantly higher than those in fish fed diet 5 (p\<0.05). Although HSI (%) did not differ across treatments, the parameter was linearly (*R* = −0.9728) correlated with dietary amylose-amylopectin ratio. No influences of dietary amylose-amylopectin ratio on FR% and CF could be detected (p\>0.05).

Nutrient digestibility
----------------------

As shown in [Table 3](#t3-ajas-26-8-1160-13){ref-type="table"}, the digestibility values for dry matter, crude protein and lipid did not differ among dietary treatments (p\>0.05). However, there was a negatively linear correlation between dry matter digestibility and dietary amylose-amylopectin ratio (*R* = −0.8948; p = 0.0403). The starch digestibility showed a decreasing trend with the increase in dietary amylose-amylopectin ratio (*R* = −0.9893, p = 0.0013), and the values of fish fed diets 1--2 were significantly (p\<0.05) higher than those of fish fed with other diets. When considering WG%, FE% and PER in relation to nutrient digestibility, the FE% and PER were linearly correlated with the values for dry matter (*R* = 0.973, p = 0.005; *R* = 0.928, p = 0.023, respectively) and for starch (*R =* 0.956, p = 0.011; *R* = 0.903, p = 0.036, respectively). The WG% was also correlated linearly with apparent digestibility of starch (*R* = 0.911, p = 0.031), but protein and lipid digestibility did not show this relationship ([Table 3](#t3-ajas-26-8-1160-13){ref-type="table"}).

Digestive enzyme activity
-------------------------

Highest protease activity was observed in fish fed diet 2, and was significantly (p\<0.05) higher than those in fish fed the other diets ([Table 4](#t4-ajas-26-8-1160-13){ref-type="table"}). A decreasing trend of lipase (*R* = −0.9080, p = 0.0330) and amylase (*R* = −0.8617, p = 0.0604) activities was observed as dietary amylose-amylopectin ratio increased and the values of amylase and lipase in fish fed with diet 1 were significantly (p\<0.05) higher than those of fish fed other diets. The amylase activity was linearly correlated (*R* = 0.910; p = 0.032) with starch digestibility in response to dietary amylose-amylopectin ratio ([Table 4](#t4-ajas-26-8-1160-13){ref-type="table"}).

Whole-body composition
----------------------

The values of moisture, crude protein, crude fat and ash of the fish did not vary across dietary treatments ([Table 5](#t5-ajas-26-8-1160-13){ref-type="table"}). In case of the relationship between body lipid and dietary amylose-amylopectin ratio, lipid retention was inversely related to the ratio (*R* = −0.9642, p = 0.0081).

Plasma components and liver glycogen
------------------------------------

There were no significant differences in plasma glucose, TG, T-CHO, LDL-C, and HDL-C concentrations between dietary treatments ([Table 6](#t6-ajas-26-8-1160-13){ref-type="table"}). However, liver glycogen content showed significant difference between different dietary treatments (p\<0.05), and the highest value was seen in fish fed diet 4 and lowest in fish fed diet 3.

Postprandial blood metabolic response
-------------------------------------

Plasma glucose concentrations of fish fed diets 1, 2 and 5 reached a peak 3 h after a meal ([Figure 1](#f1-ajas-26-8-1160-13){ref-type="fig"}), but the peak was reached in fish fed diets 3--4 only at 6 h, and thereafter the values gradually decreased to about the preprandial levels till 24 h. However, the fish fed diet 1 exhibited a significant difference (p\<0.05), when compared with the lower peaks achieved in diets 3--5.

A decreasing trend was observed with the increase in dietary amylose-amylopectin ratio, and the fish fed diet 1, showed the highest value, which was significantly different (p\<0.05) from the fish fed diets 3--5 at 1, 3 or 9 h, while lowest value was observed in the fish fed diet 5. Highest peak was observed in fish fed diets 1--3 and diet 5 3 h after a meal, but it reached its peak in fish fed diet 4 only after 6 h ([Figure 2](#f2-ajas-26-8-1160-13){ref-type="fig"}). However, the peak in fish fed diet 1 was significantly (p\<0.05) higher than fish fed diets 3 and 5 at 3 h. The values in fish fed diet 1 maintained at a higher level than those of fish fed other diets for the 9 h after a meal. The values across all treatments were reduced to below the preprandial value till 24 h.

Contrary to the plasma glucose changes, total amino acid concentrations of fish fed diets 1 and 2 reached a peak 6 h after a meal, whereas the peak of fish fed diets 3--5 was reached at 3 h ([Figure 3](#f3-ajas-26-8-1160-13){ref-type="fig"}). The peak of fish fed diet 5 at 3 h was at the lowest and was not different from the initial value and those at other sampling times.

DISCUSSION
==========

The results of our study demonstrated that amylose-amylopectin ratio in the starch fraction of the diet affects the growth performance of the tilapia. The fish fed with the diet containing amylose-amylopectin at ratio of 0.24 had superior performance (WG% and FE%) relative to those fed the diets at higher or lower ratio, which was not accordance with the results of [@b45-ajas-26-8-1160-13] who observed enhanced growth of sunshine bass that were fed a 70% amylose diet. Our finding is consistent with what has been reported for broilers ([@b14-ajas-26-8-1160-13]) and piglets ([@b16-ajas-26-8-1160-13]) wherein the dietary amylose-amylopectin ratio at 0.23 is suitable for this production. The observation in our study and the previous reports are closer to the average value of amylose-amylopectin in cereal starch fraction ([@b48-ajas-26-8-1160-13]; [@b29-ajas-26-8-1160-13]). The digestion of starch depends on its amylose-amylopectin ratio and their molecular weight ([@b25-ajas-26-8-1160-13]; [@b19-ajas-26-8-1160-13]). Amylose has more hydrogen bonds and undergoes more rapid retrogradation than does amylopectin ([@b60-ajas-26-8-1160-13]), while the amylopectin, having a branched chain, allows a greater access to digestive enzymes. For this reason, amylose is more resistant to hydrolytic enzymes compared with amylopectin ([@b31-ajas-26-8-1160-13]; [@b55-ajas-26-8-1160-13]), which may be partly attributed to the presence or development of resistance starch ([@b3-ajas-26-8-1160-13]). Therefore, the ratio of amylose to amylopectin affects the digestion of starch and other macronutrients and its metabolic responses ([@b34-ajas-26-8-1160-13]; [@b16-ajas-26-8-1160-13]; [@b21-ajas-26-8-1160-13]; [@b30-ajas-26-8-1160-13]). In the present study, a linear correlation was found between amylase activity and starch digestibility in response to dietary amylose-amylopectin ratio, which reflects the direct impact of dietary amylose-amylopectin ratio on starch digestion at a higher level. Furthermore, FE%, PER or/and WG% correlated linearly with the apparent digestibility of dry matter and starch. Our results agreed with what was reported by [@b15-ajas-26-8-1160-13] for rats. However, the mismatch between protease activity and protein digestibility and between lipase activity and lipid digestibility in response to dietary amylose-amylopectin ratio indicated that protein and lipid digestibility was less affected by starch type compared with starch digestibility. This indicates that nutrient digestibility is not the only reason for the differences in starch utilization in terms of starch type. Previous studies showed that rats and poultry were able to adapt to dietary changes by increasing their feed intake and dietary energy consumption to compensate the lower digestibility values of diets caused by starch type ([@b60-ajas-26-8-1160-13]; [@b41-ajas-26-8-1160-13]). Similar responses also exist in some carnivorous fish ([@b8-ajas-26-8-1160-13]; [@b57-ajas-26-8-1160-13]; [@b9-ajas-26-8-1160-13]), that is, such fish have the ability to compensate for imbalances in nutrient density through increasing feed intake. The tilapia, however, exhibited a partial ability in this regard in our current study, because although the feed intake increased with an increasing dietary ratio of amylose-amylopectin, the fish fed higher amylose still exhibited lower nutrient digestibility and growth. [@b6-ajas-26-8-1160-13] showed that liver enlargement is associated with increased lipid or glycogen deposition. An increased HSI was found in high amylose-fed rats ([@b60-ajas-26-8-1160-13]). However, the opposite result was observed in high amylose-fed sunshine bass ([@b45-ajas-26-8-1160-13]), consistent with our current results. This indicates that liver was in a good state, though liver glycogen concentration was higher in fish fed a diet at a high amylose-amylopectin ratio compared with those at the low ratio. In the present study, liver glycogen deposition indicates that starch not used for energy may accumulate in the liver of the tilapia fed higher-amylose-amylopectin ratio diets, supporting the observations for rainbow trout *Oncorhynchus mykiss* ([@b10-ajas-26-8-1160-13]). These observations may partly account for the inferior growth and feed utilization of fish that were fed higher-amylose diets.

The whole-body composition was not affected by dietary treatments, which was similar to the observations by [@b49-ajas-26-8-1160-13]. Although not significant, there was a progressive reduction in whole-body lipid retention to dietary amylose-amylopectin ratio. The inverse relationship between dietary amylose-amylopectin ratio and whole-body lipid retention appears interesting, since an increased dietary amylose level did not lead to undesirable lipid accumulation in the body of the fish, though the whole-body protein retention was not related with the dietary amylose-amylopectin ratio.

[@b45-ajas-26-8-1160-13] reported a reduced liver glycogen deposit in higher amylose-fed sunshine bass. The opposite response was observed in our current study and in previous work with gibel carp (*Carassius auratus gibelio*; [@b53-ajas-26-8-1160-13]). Regardless of starch type, high dietary starch levels could elevate liver glycogen deposits in rainbow trout ([@b8-ajas-26-8-1160-13]; [@b52-ajas-26-8-1160-13]), eel (*Angilla Anguilla*; [@b52-ajas-26-8-1160-13]) and Atlantic cod (*Gadus morhua*; [@b27-ajas-26-8-1160-13]), indicating the relative low ability of these carnivorous fish to use glucose by the glycolytic pathway. The variations may be caused by the difference in fish species.

The plasma intermediary metabolites were not affected by dietary treatments, which is consistent with those of [@b11-ajas-26-8-1160-13], who reported no effect of starch type on plasma metabolites (TG, LDL-C and HDL-C) in growing pigs. However, decreased serum T-CHO and TG levels in mammals was observed by [@b4-ajas-26-8-1160-13] and [@b15-ajas-26-8-1160-13], whereas the opposite effect was observed by [@b59-ajas-26-8-1160-13] in weaned pigs after the consumption of a diet rich in amylose compared to a diet rich in amylopectin. The reason for this difference is unclear in that the dietary starch level was identical for each experiment besides protein and lipid level. Some previous studies have also shown that starch type is not the sole determinant factor affecting starch digestion and postprandial glycemic responses ([@b60-ajas-26-8-1160-13]) as well as growth performance ([@b41-ajas-26-8-1160-13]), but there are other physiochemical characteristics of cereals like genotype ([@b25-ajas-26-8-1160-13]; [@b26-ajas-26-8-1160-13]), processing ([@b35-ajas-26-8-1160-13]; [@b22-ajas-26-8-1160-13]), hardness ([@b15-ajas-26-8-1160-13]) and non-starch polysaccharides ([@b22-ajas-26-8-1160-13]), which could also exert some effect on the growth.

Because of the high enzyme resistance of amylose, mammals ingesting high dietary amylose have low glycemic and insulinemic postprandial responses compared with amylopectin ([@b25-ajas-26-8-1160-13]; [@b39-ajas-26-8-1160-13]; [@b60-ajas-26-8-1160-13]; [@b3-ajas-26-8-1160-13]; [@b2-ajas-26-8-1160-13]). This effect is beneficial for the control of diabetes and also to reduce the risk of diabetes development ([@b3-ajas-26-8-1160-13]; [@b2-ajas-26-8-1160-13]). Contrary to terrestrial animals, tolerance to carbohydrate is somewhat lower in fish ([@b56-ajas-26-8-1160-13]; [@b18-ajas-26-8-1160-13]), and its underlying mechanism remains unclear ([@b38-ajas-26-8-1160-13]; [@b44-ajas-26-8-1160-13]). Few studies have observed fish glycemic changes in response to amylose-amylopectin ratio. In the present study, we measured the postprandial changes in several blood intermediary metabolites of fish fed diets varying in amylose-amylopectin ratios. The weak peak level of blood glucose in the tilapia in our study and in sunshine bass in the previous study conducted by [@b45-ajas-26-8-1160-13] was observed after the high-amylose load when compared with those with the low-amylose load, a fact suggesting that feeding higher-amylose diet might lead to higher tolerance to starch. Meanwhile, peak blood TG paralleled with the glucose change of the tilapia in response to dietary amylose-amylopectin ratio. In contrast with peak blood glucose, peak total amino acid time was delayed when fish were fed the low-amylose diet when compared with those fed the high-amylose diet. We also observed that the highest dietary amylose-amylopectin ratio produced the weakest metabolic responses, regardless of blood glucose, TG or total amino acids. The lowered metabolic responses in the presence of high-amylose starch could be associated with a lowered rate of amylolysis and this may be due to the increased time of gastrointestinal transit after ingestion of high-amylose ([@b23-ajas-26-8-1160-13]; [@b25-ajas-26-8-1160-13]; [@b55-ajas-26-8-1160-13]).

CONCLUSIONS
===========

There is considerable variation in growth and feed utilization with the dietary use of starch type in terrestrial animals and fish. Our results in the present study showed that there were negative linear relationships between percent weight gain, feed efficiency, protein efficiency ratio, starch digestibility, the activities of protease, lipase and amylase and the dietary amylose-amylopectin ratio. After a meal, peak blood glucose and TG were lower in fish fed higher-amylose diets than those in fish fed lower-amylose diets, and peak total amino acid time was delayed in the fish fed the low-amylose diet when compared with those fed the high-amylose diet. The decreased growth performance, along with the lower-peak blood glucose and TG as well as the delayed peak total amino acid time in fish fed higher-amylose-amylopectin diets let us to conclude that higher dietary amylose compromises the growth but helps in reducing the blood glucose stress on the fish caused by postprandial starch load.
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![Effect of amylose-amylopectin ratios on the plasma triglyceride concentrations in the fish at different diets. Plasma triglyceride concentrations were measured at various time intervals after a meal in fish fed diets varying in amylose-amylopectin ratios (0.11, 0.24, 0.47, 0.76 and 0.98, respectively) over the 6-wk feeding period. Data are means±SD (n = 3), represents three replicate tanks used at each sampling time. Plasma samples of three fish were pooled for tank. Plasma triglyceride was significantly affected by dietary treatments and time after a meal.](ajas-26-8-1160-13f2){#f2-ajas-26-8-1160-13}

![Effect of amylose-amylopectin ratios on the plasma total amino acid concentrations in the fish at different diets. Plasma total amino acid concentrations were measured at various time intervals after a meal in fish fed diets varying in amylose-amylopectin ratios (0.11, 0.24, 0.47, 0.76 and 0.98, respectively) over the 6-wk feeding period. Data are means±SD (n = 3), represents three replicate tanks used at each sampling time. Plasma samples of three fish were pooled for tank. Plasma total amino acid was significantly affected by dietary treatments and time after a meal.](ajas-26-8-1160-13f3){#f3-ajas-26-8-1160-13}

###### 

Ingredients and composition of the experimental diets (as-fed basis)

  Ingredients (%)                                                                 Diets at different amylose-amylopectin ratios                           
  ------------------------------------------------------------------------------- ----------------------------------------------- ------- ------- ------- -------
  Fish meal                                                                       45.77                                           46.28   46.9    47.34   47.67
  Fish and soybean oil (1:1)                                                      2.43                                            2.39    2.34    2.31    2.28
  High-amylose corn starch[^1^](#tfn1-ajas-26-8-1160-13){ref-type="table-fn"}     3.85                                            8.47    14.12   18.15   21.17
  Waxy rice                                                                       31.15                                           26.53   20.88   16.85   13.83
  Microcrystalline cellulose[^2^](#tfn2-ajas-26-8-1160-13){ref-type="table-fn"}   14.70                                           14.23   13.66   13.25   12.95
  Choline chloride                                                                0.1                                             0.1     0.1     0.1     0.1
  Vitamin premix[^3^](#tfn3-ajas-26-8-1160-13){ref-type="table-fn"}               0.4                                             0.4     0.4     0.4     0.4
  Mineral premix[^4^](#tfn4-ajas-26-8-1160-13){ref-type="table-fn"}               0.5                                             0.5     0.5     0.5     0.5
  Sodium alginate                                                                 0.1                                             0.1     0.1     0.1     0.1
  Ca(H~2~PO~4~)~2~                                                                1.0                                             1.0     1.0     1.0     1.0
  Analyzed composition                                                                                                                                    
    Dry matter (%)                                                                91.59                                           91.21   91.93   91.18   91.30
    Crude protein (%)                                                             32.77                                           32.54   32.80   32.58   32.71
    Crude fat (%)                                                                 6.85                                            6.41    6.83    6.56    6.72
    Ash (%)                                                                       7.30                                            7.49    7.59    7.72    7.66
    Amylose (%)                                                                   2.58                                            5.56    9.17    12.17   14.12
    Amylopectin (%)                                                               25.81                                           23.18   19.51   16.02   14.41
    Amylose-amylopectin                                                           0.11                                            0.24    0.47    0.76    0.98

High-amylose corn starch (Hi-Maize 260) obtained from National Starch and Chemical Co., Ltd., Shanghai, China.

Microcrystalline cellulose obtained from Baisuihang Feed Co. Ltd., Xiamen, China.

Vitamin premix (per kg diet): vitamin C (as Stay-C 35%) 400 mg; vitamin A (as vitamin A palmitate) 15,000 IU; vitamin D~3~ 7,500 IU; vitamin E (as D, L-a-tocopheryl acetate) 150 mg; vitamin K~3~ (as menadione sodium bisulphite) 7.5 mg; vitamin B~1~ (as thiamin hydrochloride) 75 mg; riboflavin 60 mg; vitamin B~6~ (as pyridoxine hydrochloride) 100 mg; D-calcium pantothenate 120 mg; nicotinic acid 150 mg; biotin 1.0 mg; inositol 450 mg.

Mineral premix (per kg diet): Fe (from Ferrous sulfate) 80 mg; Zn (from Zinc sulfate) 40 mg; Cu (from Copper sulfate) 5 mg; Mn (from Manganese sulfate) 20 mg; Se (from Sodium selenite) 0.2 mg; I (from Potassium iodine) 30 μg; Co (from Cobalt chloride) 50 μg; Mg (from Magnesium sulphate) 300 mg; P (from Sodium dihydrogen phosphate) 600 mg; K (from Potassium chloride) 740 mg.

###### 

Effects of dietary amylose-amylopectin ratios on the growth performance of tilapia over a feeding period of 6 wks

  Diets[^1^](#tfn7-ajas-26-8-1160-13){ref-type="table-fn"}                                          Growth parameters                                                     
  ------------------------------------------------------------------------------------------------- ------------------- ----------- ---------- ---------- ------- ------- -------
  Diet 1 (0.11)                                                                                     69.48^ab^           606.7^ab^   79.4^ab^   2.42^ab^   5.28    2.64    3.98
  Diet 2 (0.24)                                                                                     75.38^a^            659.7^a^    82.6^a^    2.55^a^    5.13    2.49    4.03
  Diet 3 (0.47)                                                                                     62.56^b^            530.0^b^    76.3^ab^   2.33^ab^   5.26    2.39    3.96
  Diet 4 (0.76)                                                                                     58.69^b^            490.9^b^    73.5^ab^   2.25^ab^   5.59    2.20    3.83
  Diet 5 (0.98)                                                                                     57.63^b^            479.7^b^    69.4^b^    2.15^b^    5.57    2.18    3.97
  Pooled SE                                                                                         2.045               20.541      1.399      0.043      0.083   0.078   0.038
  p-value                                                                                           0.009               0.006       0.015      0.015      0.334   0.028   0.592
  WG (Y)-amylose-amylopectin ratio (X) correlation: Y= 651.62−191.84X; *R* = −0.8907; p = 0.0427.                                                                         
  FE (Y)-amylose-amylopectin ratio (X) correlation: Y= 83.05−13.29X; *R* = −0.9347; p = 0.0199.                                                                           
  PER (Y)-amylose-amylopectin ratio (X) correlation: Y= 2.54−0.386X; *R* = −0.9031; p =0.0357.                                                                            
  HSI (Y)-amylose-amylopectin ratio (X) correlation: Y= 2.65−0.527X; *R* = −0.9728; p = 0.0054.                                                                           

Values with different superscripts in each column indicate significant difference (p\<0.05).

FAW = Final average weight; WG % = Percent weight gain; FE = Feed efficiency; PER = Protein efficiency ratio; FR = Feeding rate; HIS = Hepatosomatic index; CF = Condition factor.

Values in parentheses are amylose-amylopectin ratios in diets.

Data are means of four replicate tanks per dietary treatment.

Data are means of 24 fish per dietary treatment.

###### 

Effects of dietary amylose-amylopectin ratios on nutrient digestibility for tilapia over a feeding period of 6 wks.

                                                                                                         Apparent digestibility coefficients (%) [^2^](#tfn12-ajas-26-8-1160-13){ref-type="table-fn"}                   
  ------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------- ------- ------- ----------
  Diet 1 (0.11)                                                                                          82.29                                                                                          90.85   94.44   72.53^a^
  Diet 2 (0.24)                                                                                          82\. 95                                                                                        91.53   93.06   70.76^a^
  Diet 3 (0.47)                                                                                          82.19                                                                                          91.14   93.96   66.47^b^
  Diet 4 (0.76)                                                                                          81.59                                                                                          90.98   94.89   64.25^b^
  Diet 5 (0.98)                                                                                          80.49                                                                                          90.45   93.97   61.59^b^
  Pooled SE                                                                                              0.755                                                                                          0.607   0.618   1.191
  p-value                                                                                                0.912                                                                                          0.992   0.940   0.001
  Dry matter (Y)-amylose-amylopectin ratio (X) correlation: Y = 83.08−2.30X; *R* = 0.8948; p = 0.0403.                                                                                                                  
  Starch (Y)-amylose-amylopectin ratio (X) correlation: Y = 73.48−12.43X; *R* = −0.9893; p = 0.0013.                                                                                                                    
  Dry matter (Y)-feed efficiency (X) correlation: Y= 068.49+0.18X; *R* = 0.973; p = 0.005.                                                                                                                              
  Dry matter (Y)-protein efficiency ratio (X) correlation: Y = 4.59+0.82X; *R* = 0.928; p = 0.023.                                                                                                                      
  Starch (Y)-feed efficiency (X) correlation: Y = 68.46+5.75X; *R* = 0.956; p = 0.011.                                                                                                                                  
  Starch (Y)-protein efficiency ratio (X) correlation: Y = 5.10+26.51X; *R* = 0.903; p = 0.036.                                                                                                                         
  Starch (Y)-percent weight gain (X) correlation: Y = 37.0+0.05X; *R* = 0.911; p = 0.031.                                                                                                                               

Values with different superscripts in each column indicate significant difference (p\<0.05).

Values in parentheses are amylose-amylopectin ratios in diets.

Data are means of four replicate tanks per dietary treatment.

###### 

Effects of dietary amylose-amylopectin ratios on digestive enzyme activity in the gut of tilapia over a feeding period of 6 wks

  Diets[^1^](#tfn14-ajas-26-8-1160-13){ref-type="table-fn"}                                             Digestive enzyme activity in gut (U/mg protein)[^2^](#tfn15-ajas-26-8-1160-13){ref-type="table-fn"}                
  ----------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------- ------------ ---------
  Diet 1 (0.11)                                                                                         1,803^b^                                                                                              207\. 9^a^   6.51^a^
  Diet 2 (0.24)                                                                                         2,020^a^                                                                                              152.2^b^     4.93^b^
  Diet 3 (0.47)                                                                                         1,221^c^                                                                                              137.9^b^     3.43^c^
  Diet 4 (0.76)                                                                                         1,253^c^                                                                                              123.2^bc^    3.09^c^
  Diet 5 (0.98)                                                                                         1,361^c^                                                                                              104.2^c^     3.24^c^
  Pooled SE                                                                                             76.21                                                                                                 8.50         0.35
  p-value                                                                                               \<0.001                                                                                               \<0.001      \<0.001
  Lipase (Y)-amylose-amylopectin ratio (X) correlation: Y = 195.94−99.34X; *R* = −0.9080; p = 0.0330.                                                                                                                      
  Amylase (Y)-amylose-amylopectin ratio (X) correlation: Y = 6.04−3.51X; *R* = −0.8617; p = 0.0604.                                                                                                                        
  Amylase (Y)-starch digestibility (X) correlation: Y = −15.89+0.3X; *R* = 0.910; p = 0.032.                                                                                                                               

Values with different superscripts in each column indicate significant difference (p\<0.05).

Values in parentheses are amylose-amylopectin ratios in diets.

Data are means of four replicate tanks per dietary treatment.

###### 

Effects of different dietary amylose-amylopectin ratios on whole body composition of tilapia over a feeding period of 6 wks

  Diets                                                                                                 Whole-body composition (%)[^1^](#tfn17-ajas-26-8-1160-13){ref-type="table-fn"}                   
  ----------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------- ------- ------- -------
  Diet 1 (0.11)                                                                                         74.03                                                                            12.68   8.02    3.66
  Diet 2 (0.24)                                                                                         73.83                                                                            13.11   7.78    3.66
  Diet 3 (0.47)                                                                                         72.96                                                                            13.66   7.68    3.93
  Diet 4 (0.76)                                                                                         74.77                                                                            13.07   6.89    4.11
  Diet 5 (0.98)                                                                                         74.47                                                                            13.39   6.86    3.86
  Pooled SE                                                                                             0.398                                                                            0.212   0.217   0.089
  p-value                                                                                               0.702                                                                            0.705   0.326   0.495
  Crude fat (Y)-amylose-amylopectin ratio (X) correlation: Y = 8.18−1.44X; *R* = −0.9642; p = 0.0081.                                                                                                    

Values with different superscripts in each column indicate significant difference (p\<0.05).

Crude protein, crude fat and ash are expressed on a wet weight basis.

Data are means of four replicate tanks per dietary treatment.

###### 

Effects of dietary amylose-amylopectin ratios on the concentrations of plasma components and liver glycogen in tilapia over a feeding period of 6 wks

  Diets[^1^](#tfn21-ajas-26-8-1160-13){ref-type="table-fn"}                                            Plasma components (mmol/L)[^2^](#tfn22-ajas-26-8-1160-13){ref-type="table-fn"}   Liver glycogen (mg/g)                           
  ---------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------- ----------------------- ------- ------- ------- ---------
  Diet 1 (0.11)                                                                                        7.22                                                                             4.75                    5.19    2.21    2.42    70.3^b^
  Diet 2 (0.24)                                                                                        7.36                                                                             4.70                    5.79    2.56    2.72    56.7^b^
  Diet 3 (0.47)                                                                                        6.45                                                                             4.58                    5.56    2.52    2.61    54.6^b^
  Diet 4 (0.76)                                                                                        6.17                                                                             4.42                    4.50    2.14    2.57    98.3^a^
  Diet 5 (0.98)                                                                                        6.87                                                                             4.53                    4.43    2.38    2.63    97.7^a^
  Pooled SE                                                                                            0.132                                                                            0.037                   0.151   0.047   0.034   4.856
  p-value                                                                                              0.121                                                                            0.339                   0.158   0.627   0.983   0.003
  TG (Y)-amylose-amylopectin ratio (X) correlation: Y = 4.470−0.135log(X); *R* = 0.9054; p = 0.0344.                                                                                                                                    

Values with different superscripts in each column indicate significant difference (p\<0.05).

TG = Triglyceride; T-CHO = Total cholesterol; HDL-C = High-density lipoprotein cholesterol; LDL-C = Low-density lipoprotein cholesterol, LDL-C.

Values in parentheses are amylose-amylopectin ratios in diets.

Data are means of four replicate tanks per dietary treatment.
